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Abstract 
This study investigates the possible performance of volumetric absorbers as a function of geometric and material properties, 
aiming to identify the best absorber design parameters and the highest efficiency that may be expected. A simplified model is 
used with non-equilibrium heat transfer correlations and the two-flux approximation of one-dimensional radiative transfer. The 
radiative flux model has been validated against a detailed Monte-Carlo simulation. This model is simple enough for fast 
computation and parametric study. The results show that considerable gains in volumetric absorber efficiency can be achieved by 
careful selection of the absorber properties. In addition to porosity and pore size, two additional overlooked properties are also 
significant: the thermal conductivity of the absorber material, and the optical selectivity of the absorber surface. Under certain 
conditions, reducing the thermal conductivity leads to a significant decrease in emission loss, almost reaching the ideal 
volumetric absorber at local thermal equilibrium. This implies that the common preference for absorber materials such as SiC 
should be reconsidered. Spectral selectivity of the absorber material can also produce a significant increase in efficiency, but this 
is valid only when the selectivity is close to ideal.  
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1. Introduction 
Electricity generation from solar energy by thermo-mechanical conversion is currently limited in worldwide 
implementation. A major reason is the relatively low conversion efficiency (typically 15—18% annual average), 
which contributes to the high cost of the produced electricity, 2—3 times higher than electricity produced from 
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conventional fossil fuels [1]. This level of performance and cost is achieved today in solar thermal power plant 
technologies (parabolic trough and power tower) that are based on steam cycles at moderate temperatures of 400–
550°C. The solar dish-Stirling technology is capable of achieving much higher efficiency, but it has not been able so 
far to demonstrate the reliability and cost that would make it a serious contender, and it is considered a niche 
solution for small distributed generation plants. A breakthrough in the competitiveness of utility-scale solar thermal 
electricity may occur if the conversion efficiency from sunlight to electricity can be significantly increased, and if 
the technology needed to achieve this high efficiency is reasonably simple, reliable and inexpensive.  
 
Nomenclature 
Cp Specific heat of the fluid (J kg–1 K–1) Subscripts 
dp  Typical pore size (m)  a Aperture 
eb Blackbody emissive power (W m–2)  f Fluid 
h Convection coefficient (W m–2K–1 or W m–3K–1)  in Inlet 
i Radiation intensity (W m–2 sr–1)  s Solid 
k Thermal conductivity of the absorber (W m–1 K–1)  v Volumetric 
L Length (m) 
m  Mass flow rate (kg s–1) 
Nuv Volumetric Nusselt number (=hv dp2 kf–1) 
p Pressure (Pa) 
qR Radiative heat flux (W m–2) 
Re Reynolds number (=ρ u dp μ–1) 
T Temperature (K) 
u velocity (m s–1) 
Greek 
αv Volumetric absorption coefficient (m–1) 
β Extinction coefficient (m–1) 
εp Absorber porosity (–) 
εa Front surface porosity (–) 
λc Critical wavelength (μm) 
ρ Density (kg m–3) 
μ Viscosity (kg m–1s–1) 
Ω Albedo (–) 
 
The desired breakthrough for solar thermal conversion may result from a technology for solar heating of air for 
high-temperature Combined Cycles (gas and steam turbines operating in series). Conventional Combined Cycles can 
reach high conversion efficiency of around 60% from heat to electricity, corresponding to overall solar to electricity 
conversion efficiency of 25–30% [2]. A Combined Cycle requires heating compressed air to temperatures above 
1,000°C. Providing solar heat at these temperatures faces significant challenges, including materials for high 
temperature, optimization of radiative and convective heat transfer in the receiver, and optics for high concentration. 
Some major advances were achieved at the lab level for high-temperature receivers, for example heating air at 20 bar 
to 1,200°C [3]. However, most of the R&D work done in recent years focused on lower-temperature versions of air-
heating receivers, intended for indirect steam generation at air temperature of around 700°C [4], or for simple cycle 
gas turbine plants with solar air heating to about 800°C [5]. These lower temperature applications can be viewed as 
intermediate steps in the long-term vision, not yet reaching the highest possible efficiency, but providing valuable 
experience with solar air heating technologies.  
A key component in the solar thermal conversion process is the radiation absorber located at the focus of the 
concentrator field. For high temperature, a porous volumetric absorber should provide higher efficiency compared to 
a tubular receiver, due to the so-called “volumetric effect” [6]. However, volumetric absorbers tested to date do not 
show the expected effect: they produce high temperature at the front face and their efficiency is usually in the range 
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70—80%, even for air temperature well below 1,000°C. For example the TSA receiver used a wire-knit volumetric 
absorber, with reported air exit temperatures up to 780°C and efficiency around 70% [7]. The ceramic grid HITREC 
absorber reported efficiency around 76% at 700°C, and 72% at 800°C [4]. The low efficiency may be attributed to 
the high temperatures found at the absorber front surface, similar to or even higher than the air outlet temperature 
[4][8], indicating that the ‘volumetric effect’ was not achieved. This has also been confirmed in detailed simulations 
of volumetric absorbers [9], as shown in Fig. 1. Higher efficiency in the range 80–90% at air exit temperature of 
>1100°C were reported [3] but this was under very high incident radiation flux of several thousand suns, which is 
impractical for commercial plants. High efficiency was also reported with a high-temperature tubular absorber [10] 
but again under very high incident radiation flux. In addition to efficiency, the stability of the absorber materials 
under the high temperature and concentration and frequent thermal cycling is an issue that needs to be investigated. 
Another difficulty is the need to maintain air pressure: if the receiver is volumetric, then an expensive and possibly 
fragile high-pressure window is needed [11]. 
This work considers what is the maximum thermal efficiency that a volumetric absorber may reach under a 
reasonable incident radiation flux, and whether a significant ‘volumetric effect’ can in fact be achieved. A significant 
volumetric effect is defined qualitatively here as a front surface temperature of the absorber that is significantly 
lower, i.e., by hundreds of degrees, than the fluid exit temperature. A previous theoretical estimate of the maximum 
efficiency of a volumetric absorber assumed local thermal equilibrium and presented results that are much higher 
than those achieved in practice [12]. A model with local thermal non-equilibrium is presented here, which is more 
realistic but still simple enough for fast computation and parametric study. This model is used to derive the influence 
of several geometric and material properties and find trends that may be applied in volumetric absorber design.  
 
Fig. 1. (a) Layout of the one-dimensional volumetric absorber model, (b) temperature profiles in a volumetric absorber showing high front 
surface temperature, from a detailed simulation [9] 
2. Model 
A one-dimensional problem is assumed with changes occurring only in the axial direction perpendicular to the 
absorber surface, where the flow and radiation transport occur both along this direction, as shown in Fig. 1. The 
volumetric absorber is modeled as a homogeneous effective medium comprising two continuous phases, solid 
(porous absorber) and fluid (air). This is a common approach that constructs the model by averaging the transport 
equations on a representative elementary volume, which is larger than the pore scale but smaller than the problem 
scale [13]. This model is reasonable for structures such as ceramic foam but not for ordered structures such as a 
honeycomb. The solid and fluid phases have separate temperature distributions Ts(x), Tf(x), consistent with thermal 
non-equilibrium. The fluid mass flow rate is constant through each cross section due to the 1-D assumption and 
therefore the mass conservation equation is not needed. The momentum balance is represented with a Darcy-
Forschheimer type correlation for the pressure drop in the porous medium along the flow in the axial direction [14]. 
The thermal energy balance is applied separately to the solid and fluid phases. For the fluid, the transport by 
conduction is neglected, assuming that it is significantly smaller than the transport by advection. The fluid is 
completely transparent to the radiation. For the solid, the area for conduction is determined by the porosity, and the 
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interaction with the radiation (both incident from outside and emitted by the absorber) is included as the divergence 
of the radiative heat flux qR. 
mCp
dTf
dx
= h
v
T
s
x( ) − Tf x( )ª¬ º¼
0 = 1− ε p( )ks d2Tsdx2 − hv Ts x( ) − Tf x( )ª¬ º¼− dqRdx
 (1) 
Inter-phase transport, or exchange of heat between the solid absorber and the air, in the heat balance equations is 
represented by an averaged convection coefficient per unit volume. The volumetric convection coefficient is derived 
from a correlation as a function of porosity and the Reynolds number based on the pore size [9]: 
Nu
v
= 32.504ε p
0.38
−109.94ε p
1.38 +166.65ε p
2.38
− 86.98ε p
3.38( ) Re0.438  (2) 
The volumetric absorber is modeled as a plane slab of a homogeneous participating medium for the radiative 
transport balance. The simple two-flux approximation is used to solve the radiative transport equation, in order to 
keep the computational effort to a minimum, even though it is known that this approach cannot represent well the 
directional distribution of the radiation in optically thick media. The approximation leads to two equations for the 
forward and backward intensities, i+ and i–:  
di +
dx
= −2β i + x( ) + β Ω i + x( ) + i− x( )ª¬ º¼ + 2β 1− Ω( )eb x( ) π
−
di −
dx
= −2β i − x( ) + β Ω i + x( ) + i− x( )ª¬ º¼ + 2β 1− Ω( )eb x( ) π
 
(3) 
The volumetric extinction coefficient ȕ and the albedo ȍ are found from correlations for porous media [9] as a 
function of the material’s surface emissivity and the medium’s porosity and pore size. Given the intensity, the net 
radiative flux is qR = π i
+
− i−( ) , and the net radiative heat source per unit volume absorbed by the medium that is 
needed for eq. (1) is derived from the divergence of the radiative flux:  
−
dqR
dx
= 2πα
v
i+ x( ) + i− x( )ª¬ º¼ − 4α veb x( ) (4) 
Eq. (3) and (4) refer to a gray medium. The treatment is extended to spectrally selective absorbers by defining 
two intensities in each direction to represent two spectral bands, separated by wavelength Ȝc. The set of radiative 
transport equations (3) is applied twice in the two spectral bands, where the optical properties are different in each 
band. The net radiative heat source then includes the contributions of the two spectral bands:  
−
dqR
dx
= 2πα
v1 i1
+ x( ) + i1− x( )ª¬ º¼+ 2παv2 i2+ x( ) + i2− x( )ª¬ º¼− 4eb x( ) α v1F λcTs( ) +α v2 1− F λcTs( )ª¬ º¼( )  (5) 
Air mass flow rate per unit area is specified as a parameter rather than a boundary condition since the continuum 
equation is not solved. The thermal boundary conditions depend on an additional geometric parameter: the fraction 
of the inlet area that is free of the solid medium İa, which can be the same as the bulk porosity İp or different, 
depending on the method of preparation of the absorber. The frontal area of the solid medium, occupying an area 
fraction of (1– İa), is an important consideration in volumetric absorbers, since it receives the highest irradiance, and 
may cause local heating and reflection loss. The boundary condition for the solid phase accounting for the 
interaction of the solid frontal area with the radiation and with the fluid is:  
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1− ε
a( )α aqin = 1− εa( )α aσTs4 0( ) − 1− ε p( )ks dTsdx
0
+ 1− ε
a( )ha Ts 0( ) − Tinª¬ º¼  (6) 
The surface convection coefficient at the aperture ha is based on the analysis in [9]. The corresponding boundary 
condition for the fluid phase, including the convection of heat from the front surface before the fluid enters the bulk 
absorber, is:  
Tf 0( ) = Tin + 1− εa( )mCp ha Ts 0( ) − Tinª¬ º¼  (7) 
The radiation entering the bulk of the absorber, after a partial interception by the frontal area, is: 
i + 0( ) = εaqin π  (8) 
The back surface of the receiver is assumed to be perfectly insulated and a perfect diffuse reflector, so there are 
no losses through the back of the receiver. Due to the 1-D assumption in the model there are no losses via the 
sidewalls either. Therefore heat losses in this model include only radiative losses from the aperture surface, 
including reflection at the front surface, and emission and back scattering from inside the absorber. 
The set of equations and boundary conditions is solved using Matlab. The absorber efficiency is then calculated 
as the thermal power per unit area imparted to the fluid, divided by the incident flux: 
η = m⋅ Cp T( )dT
Tin
Tf L( )³ qin  (9) 
3. Results 
3.1. Validation 
The main uncertainty in the model is the use of the very simple two-flux approximation to represent the radiative 
transport in the absorber. The validity of the approximation was tested by comparison to a Monte-Carlo simulation 
and to a P1 approximation for a homogeneous medium with the same optical properties and with the same incident 
radiation and temperature profile. Fig. 2(a) shows the spatial distribution of the radiative heat source computed with 
the three models. The two-flux result is reasonably close to the more accurate MC result, while the P1 model that 
assumes high optical thickness has a much higher deviation. This supports the two-flux approximation as a 
reasonable model for radiative transport in the volumetric absorber. 
Fig. 2(b) shows another validation check, reproducing the solid and fluid temperature profile results of the 
detailed simulation reported in [9], for the same cases shown in Fig. 1(b) above. This case represents a SiC absorber 
with average pore diameter 1.5 mm and porosity 0.8, inlet air flow at atmospheric pressure and 300 K, and incident 
flux of 600 kW/m2. The air inlet velocity was varied as shown in the figure. Clearly the results are very close even 
though the current model is simpler than the one used in [9].  
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Fig. 2: (a) Comparison of two-flux approximation to MC and P1 simulations; (b) comparison to results of [9] as shown in Fig. 1(b) 
3.2. Geometric parameters 
A set of definition and operation conditions common to all cases studied here is shown in Table 1. Typical 
absorber data, selected as a baseline case for the investigation of volumetric absorber performance, is shown as case 
A in Table 2. This corresponds to an open receiver where air enters at atmospheric pressure and ambient 
temperature. The material properties were selected to represent SiC foam, and were fixed at a constant value; a 
preliminary comparison of a temperature dependent thermal conductivity vs. a constant average value has shown 
that the average value is a good approximation. The temperature distribution across the absorber for case A is shown 
in Fig. 3 and numerical results are shown in Table 2. The solid temperature at the front surface is very close to the 
air exit temperature, and much higher than the local air temperature near the inlet. The absorber efficiency is then 
fairly low at 73.5%. The losses include emission and back scattering from the bulk of the absorber, and reflection of 
incident radiation at the front surface. The last two losses, which are independent on temperature, can be isolated by 
repeating the simulation with a high enough flow rate such that the temperatures are very low and emission is 
eliminated, leading to the maximum efficiency for each case as shown in Table 2. Note that the back scattering loss 
is high in the current work, since isotropic scattering was assumed for simplicity; this is not necessarily true for real 
absorbers [15]. For case A the isolation of the reflection and scattering effect leads to the conclusion that emission 
contributes a loss of 8.6%. 
 
Fig. 3: Temperature distributions for cases A (left) and B (right) 
Previous analyses have shown that higher porosity and smaller pore size tend to decrease the absorber front 
temperature [16], due to penetration of the radiation deeper into the absorber, and better convective heat transfer. 
Case B represents this improved absorber, as shown in Fig. 3 and Table 2. The absorber temperature near the front 
surface is reduced somewhat, but the volumetric effect is not significant: the absorber front temperature is still much 
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higher than the local air temperature and close to the air exit temperature. The emission loss is reduced to 6.4%, and 
the absorber efficiency is improved to 74.7%.  
Table 1: Volumetric absorber data common to all cases 
Incident flux  600 kW m–2 
Air inlet temperature  300 K 
Air inlet pressure 105 Pa 
Mass flow rate per unit area 0.6 kg s–1 m–2 
Absorber thickness 0.010 m 
Absorber surface emissivity (gray) 0.9 
Table 2: Variable parameters and performance results in case study 
Parameter A B C D E 
Porosity 0.8 0.9 0.8 0.9 0.9 
Pore size (mm) 2 1 2 1 0.1 
Absorber thermal conductivity (W m–1 K–1) 40 40 1 1 0.1 
Air exit temperature Tf(L) (K) 990 1001 985 1018 1027 
Absorber front temperature Ts(0) (K) 988 904 1114 814 564 
Absorber efficiency 0.735 0.747 0.728 0.766 0.777 
Maximum efficiency (scattering limit) 0.821 0.811 0.821 0.811 0.812 
Front reflection loss 2% 1% 2% 1% 1% 
Back scattering loss 15.9% 17.9% 15.9% 17.9% 17.8% 
Emission loss 8.6% 6.4% 9.3% 4.5% 3.5% 
3.3. Thermal conductivity 
A parameter that is often ignored or misunderstood is the thermal conductivity of the absorber. Cases C and D 
show the results for the previous two cases with a much lower thermal conductivity, representing an oxide ceramic 
instead of SiC (but assuming that the surface absorptivity remains at the high value). Fig. 4 shows the temperature 
distributions for the two cases with low thermal conductivity. For the case C with larger pores, the lower thermal 
conductivity produces higher front temperature, higher emission loss of 9.3%, and lower absorber efficiency. This is 
due to the power absorbed at the front surface, as defined in boundary condition (6), which cannot be effectively 
removed by convection in this case and causes a significant overheating of the front region. For case D with smaller 
pores, the convective heat transfer is higher, and the power absorbed at the front surface is removed more effectively 
by convection even when the conduction is low. The removal of the front surface effect reveals the main advantage 
of the low thermal conductivity: the ability of the solid absorber to maintain a temperature gradient along its depth 
as required for the ‘volumetric effect’. The low conductivity reduces heat conduction in the axial direction, and 
maintains the front region at lower temperature compared to the back of the absorber. Case D shows a closer 
resemblance to the ideal volumetric effect, leading to emission loss of only 4.5%, and the highest efficiency.  
Taking this trend to extreme, case E has pore size and thermal conductivity reduced by an order of magnitude 
from case D. This may be unrealistic for manufacturing, but the case is presented here to investigate the limit of 
performance when varying these parameters. Fig. 5 shows the temperature distribution in the absorber, which is 
almost identical to an ideal volumetric absorber, with the exception of a small temperature increase near the front 
surface due to the boundary condition. Nevertheless, the emission loss is still significant at 3.5% and the absorber 
efficiency is 77.7%, indicating that geometry and thermal conductivity have limited further improvement potential.  
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Fig. 4: Temperature distributions for cases C (left) and D (right) 
 
Fig. 5: Temperature distributions for case E 
3.4. Spectral selectivity 
Spectral selectivity is usually not considered at elevated temperatures, due to the increasing overlap between the 
solar spectrum and the emission spectrum. Nevertheless, it is possible to consider this possibility theoretically and 
evaluate its possible impact of the volumetric absorber performance. The simulations of cases D and E were 
repeated as cases DS, ES with an ideal selective absorber material having surface spectral emissivity ελ λ( ) = 1 for 
λ<λc and 0 for λ>λc, where the cutoff wavelength λc is a free value in the optimization for maximum efficiency. 
These results are of course theoretical limiting values, since no material is an ideal selective absorber, and selective 
properties are difficult to find at elevated temperatures. For properties that are slightly off the ideal case, the 
performance quickly deteriorates. For example, for spectral emissivity values of 0.9 and 0.1 instead of 1 and 0, the 
efficiency of case ES will reduce to 0.785, closer to the gray case E than to the ideal selective case ES. This is due to 
the porous nature of the absorber that acts similar to a blackbody cavity [17]: radiation emitted form the large 
surface area in the pores undergoes multiple reflections in the pore space, leading to higher overall emission from 
the front surface. The effective emissivity can then be much higher than the actual surface emissivity whenever the 
surface emissivity is non-zero. 
Table 3 presents the performance results and Fig. 6 shows the temperature distributions in these two cases. The 
emission losses in cases DS, ES are reduced to 0.7% and 0.4%, respectively, indicating that good volumetric 
performance is achieved with ideal spectral selectivity. The remaining loss is mostly due to back scattering (15.7%).  
These results are of course theoretical limiting values, since no material is an ideal selective absorber, and 
selective properties are difficult to find at elevated temperatures. For properties that are slightly off the ideal case, 
the performance quickly deteriorates. For example, for spectral emissivity values of 0.9 and 0.1 instead of 1 and 0, 
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the efficiency of case ES will reduce to 0.785, closer to the gray case E than to the ideal selective case ES. This is 
due to the porous nature of the absorber that acts similar to a blackbody cavity [17]: radiation emitted form the large 
surface area in the pores undergoes multiple reflections in the pore space, leading to higher overall emission from 
the front surface. The effective emissivity can then be much higher than the actual surface emissivity whenever the 
surface emissivity is non-zero. 
Table 3: Performance results for cases DS and ES, the ideal selective surface version of cases D and E 
Parameter DS ES 
Porosity 0.9 0.9 
Pore size (mm) 1 0.1 
Absorber thermal conductivity (W m–1 K–1) 1 0.1 
Cutoff wavelength (μm) 2.65 2.65 
Air exit temperature Tf(L) (K) 1078 1081 
Absorber front temperature Ts(0) (K) 871 587 
Absorber efficiency 0.836 0.839 
Maximum efficiency (scattering limit) 0.843 0.843 
 
 
Fig. 6: Temperature distributions for cases D and E where the absorber material is an ideal selective surface 
4. Discussion 
The relatively simple model presented here can be used for fast simulation and evaluation of the influence of 
absorber design parameters, while detailed engineering design should add a more detailed simulation and 
experimental validation. The simple tool allows identification of interesting trends and questions that should be 
considered for future work. 
The approach of a volumetric absorber is supposed to produce a low emission loss via manipulation of the 
absorber temperature profile. It was shown that this desirable temperature profile is not easy to establish, and the 
absorber parameters such as porosity and pore size should be carefully optimized to produce the desired result. A 
new aspect of this issue is that when the geometric parameters are favorable, it is also necessary to reduce the 
thermal conductivity, in order to allow the existence of the temperature gradient without significant heat flow 
towards the aperture. Therefore, commonly preferred materials such as SiC may be actually detrimental to the goal 
of creating the volumetric temperature profile. When both geometric and thermal properties are set properly, then 
the loss by thermal emission can be reduced significantly, for example by a factor of more than 2 in the cases 
presented here. 
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Another theoretical aspect shown here is that ideal spectral selectivity in a volumetric absorber can nearly 
eliminate the emission loss, even for cases with absorber temperature above 1,000 K. However, this does not lead to 
a practical design recommendation, since the advantage is quickly lost when the IR emissivity is non-zero. 
The main loss mechanism found in the simulations is back scattering within the absorber. This is partly due to a 
simplifying assumption of isotropic scattering in the model, but this mechanism should be considered carefully in 
real absorbers, and modeled with better accuracy. If this loss can be significantly reduced, for example, to half of the 
value calculated here, then the model predicts that absorber efficiencies close to 90% should be achievable.  
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